Class I histone deacetylases (HDACs) regulate DNA-templated processes such as transcription. They act both at specific loci and more generally across global chromatin, contributing to acetylation patterns that may underlie large-scale chromatin dynamics. Although hypoacetylation is correlated with highly condensed chromatin, little is known about the contribution of individual HDACs to chromatin condensation mechanisms. Using the ciliated protozoan Tetrahymena thermophila, we investigated the role of a specific class I HDAC, ⌻hd1p, in the reversible condensation of global chromatin. In this system, the normal physiological response to cell starvation includes the widespread condensation of the macronuclear chromatin and general repression of gene transcription. We show that the chromatin in Thd1p-deficient cells failed to condense during starvation. The condensation failure correlated with aberrant hyperphosphorylation of histone H1 and the overexpression of CDC2, encoding the major histone H1 kinase. Changes in the rate of acetate turnover on core histones and in the distribution of acetylated lysines 9 and 23/27 on histone H3 isoforms that were found to correlate with normal chromatin condensation were absent from Thd1p mutant cells. These results point to a role for a class I HDAC in the formation of reversible higher-order chromatin structures and global genome compaction through mechanisms involving the regulation of H1 phosphorylation and core histone acetylation/ deacetylation kinetics.
The eukaryotic genome exists in two general chromatin states: highly condensed heterochromatin and less-condensed euchromatin. The fluctuation of euchromatin between various degrees of compaction is thought to serve important regulatory roles for processes such as replication and transcription, and the study of factors affecting chromatin dynamics can provide insights into related regulatory mechanisms. The fundamental repeating unit of chromatin is the nucleosome, composed of 146 bp of DNA wrapped around an octamer of four core histone types (two H2A/H2B dimers and two H3/H4 dimers) (29) . The amino termini, or "tails," of histones that protrude from the nucleosome cores make contacts with DNA and other nucleosomes in their vicinity (32) , mediating higher-order chromatin structures and underlying dynamic changes in genome packaging. The contacts mediated by histone tails may be modulated through posttranslational modifications (32, 57) . It is now well established that reversible modifications, such as acetylation, phosphorylation, and methylation, are associated with chromatin structure dynamics (16) . Acetylation, one of the best-characterized modifications, is strongly correlated with less-condensed, transcriptionally active chromatin. Conversely, hypoacetylated regions of the genome are often found in highly condensed heterochromatin structures (44) . The acetylation states are modulated by the opposing actions of histone acetyltransferases (HATs), which catalyze the transfer of acetyl moieties to specific lysine residues, and histone deacetylases (HDACs), which remove them. The steady state of chromatin acetylation in any genomic region can be maintained by different acetylation/deacetylation (turnover) kinetics rates, and distinct classes of histones that differ in these rates correlate with genomic regions of various transcriptional competencies (8) .
Most HDACs identified to date fall into three phylogenetic classes, depending on their homology to the Saccharomyces cereviseae deacetylases Rpd3p (class I), Hda1 (class II), or NAD-dependent Sir2p (class III). Enzymes in these classes differ somewhat in localization, tissue-expression patterns, and lysine-specific activities (11) . Class I HDACs, which are broadly conserved among eukaryotes, are commonly found in corepressor complexes, where they mediate repression by a variety of transcription factors (44) . Although other factors required for HDAC-mediated gene repression have been discovered, little is known about the mechanisms of repression. One model is that histone deacetylation increases histone tail contacts with adjacent nucleosomes or with DNA, forming local structures that are refractory to transcription. There is evidence that histone deacetylation promotes the folding of nucleosomal arrays into more complex structures (3, 56, 61) . This may be due to changes in overall charge or, alternatively, to the creation of posttranslational modification patterns that are recognized by downstream effector proteins which, in turn, mediate condensation. Recently, the latter model has gained substantial experimental support, and specific roles for HDACs in this context are beginning to emerge (16, 44) .
An increasing body of evidence implicates HDACs as having critical roles in regional heterochromatin formation and maintenance (22, 24) . In mammalian cells, the inhibition of HDAC activities by treatment with trichostatin A disrupts pericentromeric heterochromatin and centromere function (34, 52) . In Schizosaccharomyces pombe, individual HDACs of all classes (I, II, and III) facilitate the formation of heterochromatin surrounding the centromeres and the mating type loci where they cooperate with methyltransferases to produce specific histone modification patterns required to recruit heterochromatin proteins (17, 21, 45, 67) . Two modifications common to a broad range of heterochromatin domains are the methylation of lysine 9 and/or lysine 27 on histone H3 (H3MeLys9/27) (12, 24) . Less is known about the contribution of individual HDACs to widespread chromatin condensation. Trichostatin A treatment of premeiotic and premitotic cells showed that HDAC activity is crucial for chromosome condensation (7, 33) , but the individual HDAC enzymes involved in these processes have not yet been identified. The idea that HDACs help to establish a baseline acetylation state across global chromatin has some experimental support. In addition to acting locally at specific sites, the class I enzyme Rpd3p in yeast was shown to act more globally across larger domains and all types of chromatin (30, 60) . Thus, class I HDACs might participate in forming more widespread, dynamic chromatin architectures, some possibly sensitive to cell cycle or environmental signals.
The ciliated protozoan Tetrahymena thermophila provides a unique opportunity to study the role of HDACs in inducible and reversible chromatin condensation. Each cell has a transcriptionally active, highly acetylated macronucleus and a transcriptionally inert, unacetylated micronucleus (1, 5, 58) . Interspersed in the macronuclear chromatin are bodies of highly condensed chromatin (called chromatin bodies) whose size and number correlate with the degree of genome compaction, which fluctuates in response to nutrient availability. During prolonged nutrient starvation, macronuclear chromatin condenses while the sizes of chromatin bodies increase (26) . These chromatin changes coincide with cell cycle arrest and decreased transcription of many genes (49) , characteristics that are reversed upon refeeding. At the molecular level, starvation-induced chromatin condensation and gene regulation is dependent on the dephosphorylation of histone H1 and the presence of the heterochromatin protein Hhp1, an HP1-like protein that is enriched in chromatin bodies (25, 46) .
We previously described Tetrahymena Thd1p, a class I HDAC that is selectively recruited to developing new macronuclei (64) and is important for the integrity of macronuclear chromatin in logarithmically dividing cells (66) . Cells deficient in Thd1p contain higher amounts of macronuclear DNA, large extrusion bodies, and enlarged nucleoli (66) . In the present study, we addressed whether Thd1p plays a role in normal global chromatin condensation during cell starvation. We report that Thd1p-deficient cells are defective in chromatin condensation and present evidence that Thd1p normally promotes condensation through mechanisms involving H1 phosphorylation, acetate turnover on core histones, and redistribution of specific acetylated lysine residues on histone H3 isoforms.
MATERIALS AND METHODS
Strains, cell culture, and starvation. Tetrahymena thermophila strain CU428 [Chx/Chx(mp-r)VII] was used as the wild-type strain. Unless otherwise noted, for all experiments CU428 cells were grown at 30°C with shaking in 1% (wt/vol) enriched proteose peptone (SPP) (20) liquid medium to mid-logarithmic phase (cell density of 2 ϫ 10 5 to 5 ϫ 10 5 cells/ml). The mutant ⌬THD1 cells otherwise possessed the same genetic background as CU428 (66) . ⌬THD1 cells have a partial gene replacement in the polyploid amitotic macronucleus that must be maintained under selection with paromomycin. For use in all experiments, ⌬THD1 cells were pregrown to mid-logarithmic phase in SPP containing 300 g/ml paromomycin (Sigma Chemical Co.) and then transferred to medium lacking paromomycin and grown for an additional five population doublings (to reduce the possible effects of pregrowth in paromomycin) to a cell density within the range of 2 ϫ 10 5 cells/ml to 5 ϫ 10 5 cells/ml. This treatment was previously shown to be effective in sustaining at least a fivefold reduction in the expression of Thd1p, something that was confirmed by immunoblotting throughout the course of this study. For prolonged cell starvation, mid-logarithmically growing CU428 and ⌬THD1 cells were resuspended in 10 mM Tris, pH 7.4, at a cell density of 2.5 ϫ 10 5 cells/ml and incubated at 30°C (no shaking) for 24 h. DAPI staining. CU428 and ⌬THD1 cells in mid-logarithmic growth (2 ϫ 10 5 to 5 ϫ 10 5 cells/ml) or following prolonged starvation were fixed in 4% paraformaldehyde as described previously (51) , except that cells were dropped onto slides lacking polylysine coating prior to staining with 0.1 g/ml 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma Chemical Co). The stained cells were visualized by fluorescence microscopy. The macronuclear diameters were measured by using an ocular micrometer, and calculations of the DAPI-stained area were made based on this measurement.
Ultrastructural analyses. Logarithmically growing cells (5 ϫ 10 6 cells/ml) were washed in 40 mM HEPES buffer (pH 7.5) and fixed for 1 h at room temperature in glutaraldehyde (2.5% in 0.1 M sodium cacodylate, pH 7.2). The samples were dehydrated by three incubations in 100% ethanol and slowly infiltrated and embedded in Spurr's resin and polymerized at 70°C for 8 h. Sections were visualized by using a JEOL 1010 transmission electron microscope at 80 kV. For chromatin body analysis, the images captured on negatives were digitized by using a Hewlett-Packard ScanJet scanner. The sizes and numbers of chromatin bodies per unit area in multiple macronuclei were determined by using NIH Image 1.61 software.
Northern hybridization and reverse transcriptase PCR. Total RNA was isolated from 5 ϫ 10 6 cells (growing and starved) by extraction with Trizol reagent (Invitrogen) according to the manufacturer's protocol. The total RNA (12 g) from each strain was resolved by electrophoresis on a 1% agarose gel containing 2.2 M formaldehyde. The RNA was transferred to Hybond N nylon membrane (Amersham) according to a standard protocol (42) . Hybridization was carried out in a hybridization oven at 42°C in buffer containing 50% formamide (42) . For the CYP1 probe, plasmid pBC11 carrying CYP1 (generously provided by Kathleen Karrer) was digested with PstI. A 790-kb fragment from the CYP1 gene was gel purified by using a gel extraction kit (QIAGEN) and labeled with [ 32 P]dATP by a random priming method (Prime It II; Stratagene).
For reverse transcriptase-PCR, cDNA was synthesized from total RNA by using a Protoscript first strand cDNA synthesis kit (New England Biolabs) and an oligo-dT primer according to the manufacturer's protocol. The exon-spanning primers used for amplification are presented in Table 1 . The quantitation of the Histone acetylation and phosphorylation analyses. The macronuclei were isolated by using a previously described procedure (20) . The purity of the isolated macronuclei was assessed by staining the nuclei with 0.2% methyl green (final concentration) and counting the numbers of macronuclei and micronuclei under the light microscope (2) . For all experiments, the macronuclei preparations contained Ͻ10% micronuclei, which corresponds to Ͻ0.8% micronuclear chromatin due to the difference in genome copy number in the micronucleus and macronucleus. The total histones were acid extracted from 5 ϫ 10 6 macronuclei isolated from growing and starved wild-type and ⌬THD1 cells, and histone H1 was selectively extracted from the mixture by using perchloric acid as previously described (65) . Acetylated and phosphorylated histone isoforms were resolved by acid-urea polyacrylamide gel electrophoresis (PAGE) and visualized by staining with Coomassie brilliant blue R-250, as previously described (65) . In some cases, the amount of protein loaded from each strain was equalized according to protein quantitation at A 280 using a Beckman DU530 UV/VIS spectrophotometer. The quantitation of histone H1 phosphorylated isoforms was performed by using ImageQuant software to analyze the immunoblots. The density of each isoform band as a fraction of the total was determined.
Immunoblot analysis. Growing or starved CU428 and ⌬THD1 cells (10 5 ) were collected by centrifugation and lysed by incubation in 30 l of sodium dodecyl sulfate (SDS) gel loading buffer (50 mM Tris-Cl, pH 6.8, 100 mM dithiothreitol, 2% [wt/vol] SDS, 0.1% bromophenol blue, 10% [vol/vol] glycerol) and heated in a boiling water bath for 5 min. The proteins were resolved by SDS-PAGE on a 12% polyacrylamide gel, transferred to nitrocellulose membrane, and probed with a 1:5,000 dilution of anti-pan-acetyl H3 or anti-pan-acetyl H4 polyclonal antiserum (gift from C. David Allis). Histones resolved on acid-urea polyacrylamide gels (see "Histone acetylation and phosphorylation analyses") were transferred to nitrocellulose or polyvinylidene difluoride membrane and probed with the indicated antibodies. In some cases, wide lanes were cut into multiple strips. The strips were individually probed with one of the following rabbit polyclonal antisera (Upstate Biotechnology, Inc., Millipore, or a gift from C. David Allis): anti-H3(pan), 1:5,000; anti-H3Ac(Lys9), 1:40,000 (06-942; UBI); antiH3Ac(Lys27), 1:20,000 (07-360; UBI); anti-H4(pan), 1:30,000; anti-H4Ac(Lys5), 1:1,000 (07-327; UBI); anti-H4Ac(Lys16), 1:1,000 (06-762; UBI); and antiH3Me 3 Lys27 (07-449; Millipore). Immunoreactivity was detected by chemiluminescence using horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (1:5,000; Amersham) and an ECL plus substrate system (Amersham) following the manufacturer's protocol.
Acetate turnover assay. The macronuclei were isolated by using a previously described protocol, except that butyrate was omitted from the isolation buffers (20) . For the acetate-labeling experiments, a published protocol (50) was slightly modified: 5 ϫ 10 5 macronuclei were incubated in acetyltransferase buffer (50 mM Tris, pH 8.0, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol) and
6 Ci/mmol; Amersham Biosciences) for 30 min at 30°C in a total volume of 50 l. After 30 min, the nuclei were collected by centrifugation and washed once with acetyltransferase buffer. For analysis by acid-urea-PAGE, histones were first acid extracted following a published protocol before being resolved by acid-urea-PAGE (65) .
RESULTS
Macronuclear chromatin fails to condense in starved ⌬THD1 cells. Macronuclear chromatin normally condenses upon starvation, coincident with decreased global gene expression and cellular metabolic activity. These events require linker histone H1 for the regulation of specific genes and an HP1-like protein (Hhp1p) (25, 26, 46, 47) . Previously, cells at least fivefold reduced in Thd1p protein levels ("⌬THD1" cells) were characterized during logarithmic growth in nutrient-rich medium (66) . In the present study, the effect of Thd1p was examined under starvation conditions. In order to assess the level of chromatin condensation, the area occupied by macronuclear chromatin in ⌬THD1 cells was compared to that in wild-type cells. Prior to starvation (during logarithmic growth) and following prolonged nutrient starvation (22 to 24 h), cells were fixed and the chromatin was stained with DAPI and examined by fluorescence microscopy. As shown in Fig. 1A , the DAPIstained area in ⌬THD1 cells failed to decrease with cell starvation as it did for wild-type cells. Instead, the average area in starved ⌬THD1 cells increased (ϳ1.5-fold) compared to that in logarithmically growing ⌬THD1 cells (Fig. 1C) . The difference in the macronuclear chromatin areas of starved wild-type and mutant cells was also observed in the same microscopic field by conjugating a wild-type strain of a different mating type [CU427; Chx/Chx(cy-s)VI] with ⌬THD1 cells (Fig. 1B) . The quantitation of DAPI-stained areas of cells as represented in Fig. 1A revealed that the average area of the starved mutant macronuclei was ϳtwofold larger than that of the wild-type macronuclei (Fig. 1C) . As previously shown in logarithmically growing cells, there was no observed difference in the average DAPI-stained area between ⌬THD1 and wild-type cells; however, there was more size variability in the mutant cells, probably due to more variable DNA content (66) . Consistent with VOL. 6, 2007 Thd1p PROMOTES GLOBAL CHROMATIN CONDENSATION 1915 on October 26, 2017 by guest http://ec.asm.org/ the results of previous studies demonstrating that Thd1p is excluded from the micronucleus, no micronuclear phenotypes were observed in starved or growing ⌬THD1 cells (Fig. 1A ) (66) . Scattered throughout the macronucleus are regions of heterochromatin called chromatin bodies that are easily identified by their high densities in transmission electron microscopy. Chromatin body size normally increases as part of the physiological response to prolonged starvation, suggesting that more chromatin is assembled into these heterochromatin structures, concomitant with the decrease in total macronuclear area (26) . To test whether the enlarged macronucleus phenotype observed in starved ⌬THD1 cells correlated with smaller chromatin body size, ultrastructural analyses using transmission electron microscopy were performed on growing and starved cells ( Fig. 2A) . The comparison of the average sizes of chromatin bodies in growing wild-type and ⌬THD1 cells revealed no quantifiable difference (Table 2) . Nucleoli, which appear as less electron-dense structures at the nuclear periphery, were carefully excluded from this analysis. In contrast to wild-type cells, chromatin bodies in starved ⌬THD1 cells failed to enlarge ( Table 2 ). The average chromatin body area in starved ⌬THD1 cells was ϳ1.5-fold smaller than that of starved wildtype cells, and there were large electron-poor regions lacking chromatin bodies altogether; similar areas were not observed in growing cells (Fig. 2A) . Calculating the average area occupied by chromatin bodies as a fraction of the total chromatin area (chromatin body number ϫ chromatin body average size/ macronuclear area) revealed that, in wild-type cells, chromatin bodies occupied approximately twice the area in the starved condition as in the nutrient-rich growing condition, a significant increase in the fraction of total chromatin area comprised of chromatin bodies (P Ͻ 0.0001). However, in ⌬THD1 cells, the opposite occurred; the fraction of chromatin area occupied by chromatin bodies in the starved condition was significantly less than in the growing condition (ϳthreefold; P Ͻ 0.0001) ( Table 2 ). Together, these data from cytological and ultrastructural analyses indicate that the chromatin in ⌬THD1 cells failed to condense in response to starvation. The chromatin in starved ⌬THD1 cells appeared to decondense, suggesting that Thd1p normally mediates global chromatin condensation in response to starvation.
It was possible that chromatin condensation failure in ⌬THD1 cells resulted from insufficient starvation due to a higher rate of cell death and the accumulation of debris, which cells can use as a nutrient source. To test this possibility, cell survival during prolonged starvation was assayed by counting cell numbers at regular intervals. No significant difference was found between mutant and wild-type cell counts over a 40-h period, indicating that cell lysis in mutant cultures was not occurring at a higher rate than normal within the 24-h starvation period when the experiments were performed (data not shown). Further, the reduction of total protein synthesis is a hallmark of starved cells. The examination of proteins by SDS-PAGE or acid-urea-PAGE and Coomassie stain showed that starvation-induced changes in the expression of many proteins were occurring normally in the mutant cells (Fig. 2B) , with a few proteins being misexpressed. This result indicated that ⌬THD1 cells were capable of responding to starvation signals. Taken together, these analyses indicated that starvation conditions were sufficient for ⌬THD1 cells, and that the failure of a Chromatin bodies in randomly selected areas within 10 macronuclear transmission electron microscopy sections were measured. The averages Ϯ standard errors of the results are reported.
b For each sample, 10 macronuclear transmission electron microscopy sections were analyzed. The averages Ϯ standard errors of the results are reported. macronuclear chromatin to condense was, instead, likely due to the disruption of a Thd1p-mediated process(es).
Steady-state histone acetylation remains the same, but acetate turnover is altered in ⌬THD1 cells. Previous work demonstrating that steady-state acetylation levels on bulk histones from growing ⌬THD1 and wild-type cells are similar prompted us to test whether the same was true in the starved condition (66) . To test this possibility, the core histones were extracted from growing and starved wild-type and ⌬THD1 cells and resolved by acid-urea-PAGE and the histone isoforms were visualized by Coomassie staining. As shown in Fig. 3A , in wildtype cells there was no appreciable difference in the acetylation levels of histones H3 and H4 between growing and starved conditions. Similarly, there was no reproducible difference between mutant and wild-type cells in the overall acetylation levels of any of the core histones when compared in both growing and starved conditions; the relative proportions of different isoforms were similar in all samples (Fig. 3A) . Since H2A is difficult to analyze by Coomassie stain alone, an immunoblot analysis was performed with total anti-H2A antiserum which confirmed the location of H2A molecules and revealed no difference between wild-type and mutant cells in the abundances of different isoforms (data not shown). These results were consistent with the results from immunoblot analyses of core histones resolved by SDS-PAGE using anti-acetylated histone H3 antiserum (anti-pan-acetyl H3) and antiacetylated histone H4 (anti-pan-acetyl H4) antiserum to compare the total amounts of acetylation on histones H3 and H4 (data not shown). In sum, these analyses revealed that the steady-state level of acetylation on the core histones in mutant and wild-type cells was comparable in all conditions. There was no correlation between histone deacetylation and normal chromatin condensation in this system, and the failure of chromatin to condense in starved mutant cells did not correlate with changes in steady-state acetylation.
Steady-state histone acetylation levels can be maintained by different acetate turnover rates. In general, acetylation is thought to be controlled by several kinetic classes of acetate turnover: no turnover, slow (ϳ30-min average half-life), and rapid turnover (ϳ5-min average half-life) (9, 10, 36, 58, 62, 63) . There is an emerging view that differences in turnover, perhaps more than steady-state acetylation levels, may influence the transcriptional competencies of genomic loci (8, 23, 48) . In Tetrahymena, histones of the various acetate turnover classes (58) . Based on this, we predicted that more acetate would incorporate into the histones of ⌬THD1 cells than into those of wild-type cells. Consistent with the results of previous reports (58), there was little to no detectable incorporation of acetate into bulk H2A species but some incorporation into H2B, H3, and H4 histones of growing wildtype cells (Fig. 3B) . Consistent with our expectation, growing ⌬THD1 cells exhibited more acetate incorporation on all core histones. The experiment also revealed that, in wild-type cells alone, more acetate was incorporated into all core histones when cells were starved than in the growing condition, suggesting that, although steady-state acetylation remains the same, acetate turnover is normally altered on at least a fraction of all core histones in response to starvation (Fig. 3B) . These results raise the possibility that alterations in acetate turnover on core histones are functionally linked with chromatin condensation. This possibility was supported by the results from ⌬THD1 cells. The less-condensed chromatin state in ⌬THD1 cells (starved condition) correlated with less acetate incorporation (particularly on histones H4 and H2A) than in the more-condensed chromatin state (nutrient-rich growing condition). Together, these results suggest that the acetate turnover rates on histones from bulk chromatin (especially H4 and H2A) are related to the chromatin condensation states, and that Thd1p is involved in regulating turnover.
The acetate-labeling results suggested that the balance of specific HDAC and HAT activities normally changes in response to starvation. To test the possibility that Thd1p regulates acetate turnover through affecting the expression of other HDAC or HAT genes, the transcript levels of other confirmed HDACs (E. A. Wiley, unpublished data) or proteins that have high homology to yeast HDACs or HATs were assessed by reverse transcriptase PCR. Transcripts from the confirmed HDAC gene called THD2 and the putative HDAC genes THD4 and THD6 (Wiley, unpublished) were reduced (ϳtwo-to threefold) in starved wild-type cells in comparison to the levels in growing cells, while the transcription of a putative SIR2 homolog remained unchanged (Fig. 3C and data not  shown) . The respective transcript levels from these genes were not affected in ⌬THD1 cells, suggesting that their regulation was Thd1p independent. However, the class I HDAC homolog encoded by THD3 (Wiley, unpublished) was misregulated in starved ⌬THD1 cells. The transcript levels in the starved mutant cells were ϳthreefold higher than in starved wild-type cells, suggesting that Thd1p regulates THD3 transcription in the starved state (Fig. 3C) . As expected, THD1 expression was reduced (ϳfourfold) relative to that in wild-type cells. The transcript levels from the Tetrahymena HAT GCN5 gene (tGCN5) and another putative HAT gene (encoding an NuA4 homolog) were also assessed. Both showed a similar trend in which expression was slightly increased (ϳ1.5-fold) in the starved wild-type cells but not in the mutant cells in comparison with expression in their growing counterparts. Overall, these results show that changes in the balance of specific HATs and HDACs are normal responses to starvation that correlate with changes in acetate turnover and chromatin condensation. For some enzymes, this regulation is dependent on Thd1p.
Distribution of acetyl moieties on histone H3 is altered in ⌬THD1 cells. Although the steady-state histone acetylation levels were similar in all conditions, it was possible that specific acetylated lysines were differentially distributed on various histone isoforms in condensed and decondensed chromatin from mutant and wild-type cells. To explore this possibility, core histones resolved on acid-urea gels were blotted and probed with different site-specific antiacetyl antisera. In some cases, wide lanes of core histones were blotted onto nitrocellulose membrane, and multiple strips were cut from each blotted lane and probed individually with the different antisera. The antisera used were those determined to have the correct specificity for the respective sites on Tetrahymena histones by testing them on differentially acetylated histone tail peptides (data not shown). The selected antibody panel included anti-H4AcLys16, anti-H4AcLys5, anti-H3AcLys9, and anti-H3AcLys27 (note: due to some cross-reactivity of the anti-H3AcLys27 antiserum with acetylated lysine 23, we refer to this antiserum as detecting both acetylated Lys23 and -27). In the results with this panel, there was no reproducible difference between growing and starved wild-type and mutant cells with respect to acetylated H4Lys16 or H4Lys5; all isoforms in all conditions contained similar modifications ( Fig. 4A and data not shown). Differences were detected in the distribution of acetylated H3Lys9 and H3Lys23/27 (Fig. 4B) . In the growing wild-type cells, the acetylation of H3Lys9 was predominantly on the tetra-acetylated species. However, it was fairly equally distributed among mono-, di-, tri-, and tetra-acetylated species following starvation. This result raises the possibility that the specific distributions of H3AcLys9 are functionally related to the different states of global chromatin condensation in growing and starved cells. In support of this model, the change in H3AcLys9 distribution was reversed in ⌬THD1 cells, where starved chromatin appeared less condensed in starvation. Acetylated Lys9 in growing cells was found to be fairly equally distributed on mono-, di-, tri-, and tetra-acetylated species and then to be shifted predominantly to the tetra-acetylated species following starvation. Similar results were found with the acetylation of lysines 23/27 on histone H3 (Fig. 4B) . These results suggest that a greater proportion of H3Lys9 and -23/27 acetylations on mono-, di-, and triacetylated species may be part of a molecular pathway for global chromatin condensation.
Histone H3 Lys27 methylation is increased in starved macronuclei. Trimethylation of H3Lys9 or H3Lys27 is an epigenetic marker for heterochromatin formation in several systems, including Tetrahymena (24, 31 ). An increasing body of evidence suggests that HDACs are important for the recruitment and activity of some histone methyltransferases. In Tetrahymena, H3Lys9 methylation is observed only during a stage late in the sexual conjugation pathway (54) , but there is a low level of H3Lys27 trimethylation in the macronuclei of growing cells, localized primarily to chromatin bodies (31, 55) . To determine whether abnormal distribution of H3Lys27 methylation correlated with the inability of ⌬THD1 cells to condense chromatin, the normal distribution of this marker was first tested in wildtype cells and then compared with the distribution in ⌬THD1 cells. Histones extracted from wild-type and ⌬THD1 cells (growing and starved) were resolved by acid-urea-PAGE and analyzed by immunoblotting with an antibody specific to trimethylated H3Lys27 (␣-H3Me 3 Lys27). As shown in Fig. 5 , the wild-type cells exhibited trimethylation of H3Lys27 primarily on the unacetylated H3 molecules under growing conditions. Following prolonged starvation, trimethylation also occurred on the mono-and diacetylated isoforms. A similar distribution pattern was observed for growing and starved ⌬THD1 cells, suggesting that Thd1p does not affect chromatin condensation through a mechanism involving the redistribution of lysine 27 trimethylation. The increase in the signal on mutant compared to wild-type histones was due to higher loading of histones in that lane (Fig. 5, ␣-panH3 panel) .
Linker histone H1 is hyperphosphorylated in starved ⌬THD1 cells. Macronuclear linker histone H1 is highly phosphorylated in growing Tetrahymena cells and extensively dephosphorylated coincident with chromatin condensation during starvation (1, 19, 39) . To test whether the phosphorylated state of histone H1 molecules differed in starved ⌬THD1 cells, H1 molecules were extracted and then analyzed by acid-urea-PAGE (65) . In this gel system, the ladder of H1 molecules results from differences in the numbers of phosphoryl modifications. Consistent with the results of previous studies, the bulk H1 histones in the wild-type cells were dephosphorylated following starvation (Fig. 6A) . However, similar dephosphorylation was not observed in ⌬THD1 cells. Whereas mono-and diphosphorylated H1 in the starved wild-type cells made up ϳ85% of the total H1, they comprised only ϳ45% of the total H1 from the starved mutant cells. Instead, the bulk H1 molecules from starved ⌬THD1 cells were hyperphosphorylated to at least the same degree as in the growing condition (54% versus 47% tri-and tetraphosphorylated, respectively) and more highly phosphorylated than H1 from starved wild-type cells (54% versus 14% tri-and tetraphosphorylated, respectively) (Fig. 6A) . Note that, consistent with the results of previous reports (66), H1 from growing ⌬THD1 cells is less phosphorylated than H1 from growing wild-type cells (55% versus 30% mono-and diphosphorylated H1, respectively). The observed failure of ⌬THD1 H1 histones to undergo starvationinduced dephosphorylation may account at least in part for the defective chromatin changes in these cells.
While many growth-related genes are repressed under starvation (nongrowth) conditions, a subset of genes is induced, including the cysteine protease gene CYP1 (4, 27, 49) . Like macronuclear condensation, full CYP1 induction depends on the presence of chromatin proteins, such as linker histone H1 and the heterochromatin-associated protein HHP1, suggesting a role for chromatin changes (25, 47) . The dephosphorylation of histone H1 is also required (13) . We thus tested whether CYP1 induction was compromised in ⌬THD1 cells. The results from Northern hybridization experiments showed that, during logarithmic growth, CYP1 was repressed to the same extent in both wild-type and ⌬THD1 cells (Fig. 6B) . Following prolonged starvation, the normal induction of CYP1 transcription was not observed in mutant cells. A similar result was obtained using reverse transcriptase PCR (data not shown). Immunoblot analysis revealed that the levels of histone H1 and Hhp1p in the mutant cells were comparable to the levels in the wild type, indicating that the chromatin and transcription defects in starved cells were not attributable to deficiencies in these proteins (data not shown). This result further supported the idea that normal starvation-induced chromatin changes were defective in ⌬THD1 cells.
The steady-state H1 phosphorylation levels in Tetrahymena result from the balance of opposing H1 kinase and phosphatase activities (13, 15) . One known Tetrahymena H1 kinase, 
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Cdc2p, is normally downregulated during starvation, coincident with H1 dephosphorylation by an unknown H1 phosphatase(s). We thus tested whether the high levels of H1 phosphorylation in starved mutant cells could be explained by misregulated CDC2 expression. Reverse transcriptase PCR and quantitation revealed that, indeed, the CDC2 transcript levels were ϳthreefold higher in starved mutant cells than in wild-type cells (Fig. 6C) . The smaller amount of CDC2 expression in growing ⌬THD1 cells compared to the amount in the wild type (ϳtwofold) is consistent with the previously reported H1 hypophosphorylation during logarithmic growth (66) (Fig.  6A) . In general, the CDC2 transcription in mutant cells appeared to be the opposite of that in the wild type; it was upregulated instead of downregulated between growing and starved conditions. This observation suggests that Thd1p is required for the regulation of CDC2 expression in growing and starved conditions.
DISCUSSION
Hypoacetylated histones are commonly associated with more-condensed genome structures, yet little is known about the enzymes involved. Here we show that the reversible condensation of macronuclear chromatin does not correlate with histone hypoacetylation but instead may be the indirect result of HDAC action. Possible mechanistic roles for the Tetrahymena class I deacetylase enzyme Thd1p in the formation of condensed chromatin are elucidated. Our results suggest that Thd1p acts upstream of other histone modifications that correlate with chromatin condensation, some of which were also revealed in this study. These include the dephosphorylation of linker histone H1, the alteration of the acetate turnover rate on core histone tails, and the redistribution of histone H3Lys9 and -23/27 acetylation on differentially acetylated H3 molecules. Thd1p may influence these modifications in part through regulating the expression of other histone-modifying genes.
Thd1p is required for reversible global chromatin condensation. Thd1p localizes to the transcriptionally active, hyperacetylated macronucleus and not to the transcriptionally silent, heterochromatic micronucleus in Tetrahymena (64) . Thus, Thd1p functions within the context of an active euchromatin environment where, the current study shows, it facilitates the reversible condensation of macronuclear euchromatin. As revealed by the results using ⌬THD1 cells, a deficiency of Thd1p prevented macronuclear chromatin condensation, the normal physiological response to cell starvation (Fig. 1A, B, C) . Regions of highly condensed chromatin (chromatin bodies) failed to increase in size and comprise a greater fraction of total chromatin as they do in starved wild-type cells (Table 2) . Instead, transmission electron microscopy revealed large electron-poor regions within ⌬THD1 macronuclei ( Fig. 2A) , similar in appearance to the regions of decondensed euchromatin previously reported (37) . Interestingly, the fraction of total chromatin comprised of chromatin bodies in these Thd1p-deficient cells was significantly less in the starved state than in the growing state, indicating that chromatin decondensed in response to starvation conditions, a response opposite to that in wild-type cells. These results indicate that Thd1p normally functions to condense DNA into heterochromatin-like structures in response to starvation signals.
The idea that starved chromatin is structurally different in Thd1p-deficient cells is supported by the observed lack of starvation-induced CYP1 activation (Fig. 6B) , which also requires other chromatin proteins, such as linker histone H1 and the HP1-like heterochromatin-associated protein Hhp1 (25, 46) . It is possible that Thd1p affects condensation indirectly through regulating the expression of such chromatin proteins. However, in Thd1p-deficient cells, the levels of Hhp1p and H1 were similar to the levels in wild-type cells, and thus, a deficiency of these proteins does not explain the lack of nuclear condensation and CYP1 activation in mutant cells (data not shown). It is also possible that the chromatin condensation proteins were mislocalized in ⌬THD1 cells. Previous reports show that HP1 interaction with HDACs in mammalian cells is important for its localization and maintenance of centromeric heterochromatin (68) . However, using an immuofluorescence approach, we found no evidence supporting the mislocalization of Hhp1 in ⌬THD1 cells (data not shown). The fact that chro- FIG. 6 . Histone H1 is hyperphosphorylated in starved ⌬THD1 cells. (A) H1 histones were isolated from core histones, resolved by acid-urea-PAGE, and stained with Coomassie brilliant blue. The numbers represent the number of phosphoryl modifications on the isoforms in each band. (B) CYP1 is not induced by starvation in ⌬THD1 cells. Total RNA from growing and starved wild-type and ⌬THD1 cells was resolved by formaldehyde-agarose gel electrophoresis and visualized by staining with ethidium bromide. RNA transferred to a nylon membrane was probed with a fragment from the CYP1 gene. The 26s rRNA stained with ethidium bromide was used as a loading control. (C) Total cDNA from each strain was used as template in PCRs with CDC2 primers or RAD51 primers as an internal control for template concentration. The amount of template used was previously determined, by dilution experiment, to yield CDC2 or RAD51 amplification products in the linear range (data not shown). G, genomic DNA used as template; WT, wild-type; ⌬, THD1. Fig. 2B ). Thd1p may affect condensation through regulating acetate turnover on core histones. The prevailing model correlating histone hypoacetylation with condensed chromatin does not appear to apply to the reversible condensation of macronuclear chromatin in Tetrahymena. Our studies on wild-type cells revealed no difference in steady-state acetylation levels on bulk histones from cells in growing and starved conditions (Fig.  3A) . However, there were differences in acetate turnover (on/ off) rates on all four core histones (Fig. 3B) . This finding suggests a different model, invoking a role for histone acetylation/deacetylation kinetics in chromatin pathways.
In theory, steady-state acetylation levels can be maintained by a range of acetate turnover rates, and many studies have indicated that histone acetylation is highly dynamic (8, 62) . It was previously shown in vegetatively growing Tetrahymena cells that, while most H2A molecules are subject to rapid acetate turnover, a fraction of H2B, H3, and H4 histones fall into slower kinetics classes (58) . The current study correlates starvation (condensation) with greater acetate incorporation onto all core histones from bulk chromatin. Although the change in turnover on H2A was the most pronounced, the other core histones were affected as well. Our data could also result from changes in the rate of histone turnover. However, we think this is unlikely because the histone H3 and H4 transcript levels were similar in the wild-type and mutant cells (data not shown). The fact that more acetate incorporation into starved than into growing wild-type cells was not reflected by Coomassie staining of bulk histones from these samples (Fig. 3A) can be explained in a couple of ways. One is that the steady-state acetylation (reflected by Coomassie stain) is actually increased in starvation but only on a fraction of histones that is too small to detect by staining. Alternatively, the balance of HAT and HDAC activities is altered such that acetate turnover rates are affected but steady-state levels remain the same. In this study, we present evidence for the latter by showing that Thd1p regulates the expression of at least one other HDAC and HAT enzyme (Fig. 3C) . Regardless of which is true, our results raise the possibility that increased acetate incorporation is functionally linked to starvation-induced physiological changes, such as global chromatin condensation and gene repression. In support of this, the level of acetate incorporation onto H4, H2A, and H3 was higher in the relatively more-condensed chromatin of growing ⌬THD1 cells than in the chromatin of starved ⌬THD1 cells (Fig. 3B) . Together, these data suggest an inverse relationship between acetate incorporation and chromatin condensation. These findings relate to the results of recent studies proposing acetylation dynamics models in which the acetate turnover rate is more important than the steady-state acetylation levels for the transcriptional competency of genes. In these models, rapid turnover of acetylation at nontranscribed "poised" genes is an important determinant of the transcriptional efficiency upon gene induction; blocking turnover inhibited gene expression (23, 41) . Although our study does not directly address turnover kinetics, a previous study using a similar assay deduced that more acetate incorporation indicated slower turnover kinetics (58) . By these criteria, normal chromatin condensation in our study would correlate with slower acetate turnover. In sum, these results complement current models by demonstrating a potential link between turnover on global histones and global chromatin structures, which in turn, likely impact transcriptional competency.
We present evidence that Thd1p is involved in regulating the acetate turnover on at least a subset of core histones. In Thd1p-deficient cells, acetate incorporation increased in the growing condition compared with acetate incorporation in the wild type, suggesting a difference in turnover equilibriums. Whether this occurs regionally on specific subsets of histones or at specific histone lysine sites remains to be tested. Thd1p likely influences this equilibrium indirectly, in part by regulating the expression of other HDAC and HAT enzymes. Tetrahymena has 18 putative HDAC genes and 9 putative HAT genes. Testing the expression of only a subset of these genes revealed two that were misregulated in ⌬THD1 cells (Fig. 3C ). Thd1p appears to affect the turnover equilibrium primarily on histones H2A and H4. Recent studies have supported the idea that globally acting class I HDACs, such as yeast Rpd3p, generate a highly dynamic equilibrium of acetylation/deacetylation reactions across bulk chromatin (28) . As our results suggest a relationship between different acetylation/deacetylation equilibriums and chromatin structure dynamics, Thd1p, an Rpd3p homolog, may normally promote chromatin condensation through affecting the acetate turnover equilibrium rather than affecting steady-state acetylation. We cannot, however, rule out the possibility that Thd1p influences chromatin through other means and that the observed change in the turnover rate is instead a consequence of altered structures.
Thd1p affects distribution of H3Lys9 and H3Lys23/27 acetylation. HDACs have been implicated in modifying chromatin by establishing combinations of histone markers that are bound by effector proteins. Although general hypoacetylation and the methylation of H3Lys9 and H3Lys27 are associated with heterochromatin (22) , little is known about patterns related to reversible chromatin condensation. This study revealed a correlation between the distribution of acetyl marks on bulk histones and global genome compaction. Our data suggest that histones H3Lys9 and H3Lys23/27 are preferentially acetylated on a different set of the H3 isoforms from the condensed macronuclear chromatin of starved cells than of growing cells. The results shown in Fig. 4B showed that, in growing wild-type cells, H3Lys9 and -23/27 acetylation is found predominantly in combination with three other acetyl marks. This agrees with the results of previous studies showing that H3AcLys9 occurs in combination with other acetyl marks (on lysines 14, 18, and 23) in growing cells (6, 55) , although the results of Taverna et al. show that monoacetylated lysine 9 forms may be more common than our results would suggest (55) . After prolonged starvation, AcLys9 and AcLys23/27 on histones from the more-condensed chromatin were distributed fairly equally between mono-, di-, tri-, and tetra-acetylated isoforms. From this we speculate that the different acetylation distributions are mechanistically linked to the respective chromatin condensation states in growing and starved cells, i.e., that there may be distinct combinations and distributions of VOL. 6, 2007 Thd1p PROMOTES GLOBAL CHROMATIN CONDENSATION 1921 on October 26, 2017 by guest http://ec.asm.org/ modifications that mark the genome for reversible condensation. This possibility is strengthened by the fact that the acetylation distribution patterns were opposite in growing and starved ⌬THD1 cells, in which the more condensed and decondensed chromatin states were also switched (Fig. 4B) . Here, the distribution of AcLys9 and -23/27 predominantly on tetra-acetylated species still correlated with the less-condensed macronuclear chromatin. The differences in modification patterns observed in growing and starved wild-type cells could result from differential expression of the multiple HDACs and HATs; we have shown evidence for the regulation of some during starvation (Fig. 3C) . The normal regulation of a subset of these genes appears dependent on Thd1p, and their misregulation may account for the aberrant acetylation patterns observed in ⌬THD1 cells. Combinatorial modifications on histone H3 of growing cells are well characterized (55) . Now, future work directed toward determining other modifications that correlate with macronuclear condensation during starvation, especially those in combination with H3AcLys9 and H3AcLys23/27, should yield further insight into potential molecular "signals" that direct chromatin dynamics. Trimethylation of histone H3Lys27, which is associated with heterochromatin in several systems, was recently detected in chromatin bodies within macronuclear chromatin (31, 55) . Our study revealed that Lys27 trimethylation occurred predominantly on unacetylated H3 isoforms in growing cells but then appeared on mono-and diacetylated isoforms following starvation (Fig. 5) . Although it is tempting to speculate that this shift in Lys27 methylation distribution is mechanistically linked to condensation, the shift was still observed in starved ⌬THD1 cells that failed to condense. Our results instead argue that the mechanism of starvation-induced Lys27 trimethylation is independent of Thd1p-mediated modifications.
Thd1p could facilitate chromatin condensation by promoting H1 dephosphorylation. Previous studies have correlated histone H1 hyperphosphorylation with global mitotic chromosome condensation (38, 53) . However, in Tetrahymena, H1 phosphorylation and mitosis do not occur simultaneously. Using seven potential phosphorylation sites (18, 35) , Tetrahymena macronuclear H1 molecules are highly phosphorylated during interphase. During nuclear division, which occurs through an amitotic mechanism, little to no chromosome condensation occurs. Thus, the function of H1 phosphorylation in Tetrahymena is probably more related to the regulation of specific gene transcription. In support of this, H1 phosphorylation decreases during starvation and increases during heat shock (39) . H1 dephosphorylation during starvation was shown to regulate (activate or repress) a number of genes, including CYP1 (15). Here we show that histone H1 in starved ⌬THD1 cells is hyperphosphorylated compared with that in wild-type cells (Fig. 6A) . This result suggests that Thd1p normally regulates H1 phosphorylation during starvation, a possibility supported by the fact that CYP1 was also not activated in ⌬THD1 cells (Fig. 6B) . Consistent with the results of previous studies on wild-type cells, our studies on ⌬THD1 cells show that H1 hyperphosphorylation correlates with relatively decondensed chromatin. In these cells, the failure to dephosphorylate H1 during starvation might prevent changes in gene expression that normally promote chromatin condensation. These results support models relating hyperphosphorylation of H1 to chromatin decondensation and transcription that are gaining popularity (13, 14, 40, 43) .
The degree of H1 phosphorylation results from the combined action of H1 kinases and phosphatases. The normal dephosphorylation of H1 during starvation correlates with the decreased expression of CDC2, the gene encoding the major H1 kinase in Tetrahymena (15) . Interestingly, H1 dephosphorylation (probably from the action of phosphatases) is necessary for the repression of CDC2, which then further enhances the dephosphorylated state of H1 (15) . Here we show evidence that Thd1p is normally involved in the repression of CDC2 during starvation (Fig. 6C) . Although Thd1p could act directly at the CDC2 promoter, it might also regulate CDC2 indirectly through promoting the expression or activity of an H1 phosphatase. Further studies are required to distinguish between these possibilities. Presently we favor the simplest model, in which Thd1p regulates CDC2 expression that, in turn, affects H1 phosphorylation and chromatin dynamics in growing and starved conditions. Regardless of the regulation pathway, these results demonstrate an indirect mechanism by which an HDAC influences the phosphorylation state of histone H1. Given the evidence implicating H1 phosphorylation in gene regulation, this finding provides another chromatinbased mechanism through which class I HDACs might regulate gene expression.
Taken together, our results supply evidence for a set of chromatin modifications governing structural changes that are sensitive to environmental conditions and that are regulated at least in part by a class I HDAC. Now better elucidated, we anticipate that this system can be used for further studies addressing the mechanistic role of HDACs in integrating signals to produce physiological responses involving chromatin and gene transcription dynamics.
